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Summary
Objective: To determine if anthropometric factors obtainable on routine examination can be used to estimate premorbid knee total subchondral
bone area (tAB), cartilage surface area (AC), cartilage thickness (ThC), and cartilage volume (VC).
Method: Young individuals (21e39 years old) without history of knee joint pain, injury or disease were studied. Magnetic resonance imaging of
the right knee was used to determine tAB, AC, ThC and VC for knee cartilage. Multilinear regression and curve ﬁtting by variance minimization
were used to model the data.
Results: VC and AC closely depended on tAB1.5 in both men and women. This relationship subsumed all dependency on sex, height, weight
and body mass index. In females, VC depended on height cubed and tAB on height squared. The relationship was much weaker in males.
ThC was poorly related to tAB and VC. Conﬁdence limits for VC standardized to tAB1.5 were narrower than standardization to tAB or height.
Conclusion: The absence of a tight relationship of VC and tAB with height in males suggests that the factors stimulating bone and cartilage
growth may be different between sexes. The high correlation between tAB and VC across both sexes suggests, however, that (opposite to
measures from routine clinical examination) tAB1.5 can provide individual reference values for VC, against which changes with age and dis-
ease can be estimated with high conﬁdence.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Quantitative measurement of cartilage with magnetic reso-
nance imaging (qMRI) is becoming an important tool for di-
agnostic and prognostic assessment of joints, and it is
currently being explored for diagnosis and monitoring of
osteoarthritis (OA)1e11. Previous work has shown that
in vivo measurement of cartilage volume (VC), cartilage
thickness (ThC) and surface using qMRI areas is accurate
(compared with external standards)12e14 and displays high
testeretest reproducibility2,15,16. The technique has thus1The study was funded by Pﬁzer Global Research.
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34been successfully applied to investigate the effect of
sex17e22, age23,24, height and weight18,21,25e27, muscle
cross sectional areas27, physical training status
(sports)21,28e31, lack of mechanical loading32e35, and genet-
ics36e38 on cartilage morphology. Evaluation of cartilage
status as a function of age, injury, unloading, and disease
in cross sectional studies is, however, critically dependent
on accurate estimates of premorbid cartilage morphology to
estimate cartilage loss19,39. Reference data on youngmature
cartilagemorphology can provide a starting point for studying
changes that have taken place over time23,27,39 and two pre-
vious studies have indicated that the differentiation between
subjects with and without clinical39 or with and without radio-
graphicOA40 is superior whenVC is normalized to bone size,
speciﬁcally the size of the subchondral bone area41.
In the current study we set out to elucidate the relation-
ships between anthropometric factors and the morphology
of knee cartilage and bone size in a large set of young
healthy subjects, in order to clarify whether elucidating an-
thropometric relationships can help in more accurately esti-
mating premorbid cartilage morphology, and thus in more
accurately distinguishing OA patients from healthy subjects
based on qMRI ﬁndings on cartilage morphology. Speciﬁ-
cally we examined the relationship of the total subchondral
35Osteoarthritis and Cartilage Vol. 16, No. 1bone area (tAB) with VC and cartilage surface area (AC),
and the allometric relationship of these to parameters that
are easily available from routine clinical visits, such as
height, weight and sex.Subjects and methodsSUBJECTS AND KNEESWe examined the right knees of 91 healthy subjects with-
out symptoms or signs of musculoskeletal disease, no his-
tory of pain, trauma or operations of the knee, and no
history of fracture or immobilization, as described in a previ-
ous study22. Each subject was characterized by sex,
height, weight, and body mass index (BMI). Of the 91 indi-
viduals 40 were females (age 20e38 years; mean
25.5 4.6) with a height range of 156e184 cm and a weight
range of 48e86 kg. Fifty-one subjects were males (age
21e37 years; mean 25.5 3.3) with a height range of
155e196 cm and a weight range of 60e108 kg. There
was no signiﬁcant difference in age between men and
women22. Three subjects were underweight (BMI< 18.5),
74 would be considered normal weight (18.5< BMI< 25),
12 would be considered overweight (25< BMI< 30), and
two would be considered obese (BMI> 30). Written infor-
mation was ﬁrst given to potential participants explaining
the nature of the examination and the speciﬁc goals of
the study. Afterward, written consent was obtained from
those who volunteered to participate in the study. The
study protocol and the informed written consent documents
were ratiﬁed by the local ethics committee.MRI METHOD AND COMPUTATION OF THE


















Fig. 1. Correlation of the VC of the kneewith the tAB of the knee. The
data were ﬁt to the equation VC¼ a tAB1.5 where a¼ 0.0256,
r2¼ 0.86 and P< 0.00001. ( ) Females, (C) Males.One knee was examined in each person because side to
side differences (left vs right) have been shown to be sub-
stantially less than the intersubject variability42. MRI was
performed at the right knee joint with a 1.5 T magnet (Mag-
netom Vision, Siemens, Erlangen, Germany), a circumferen-
tially polarized transmitereceive extremity coil. A spoiled 3D
gradient-echo sequence (FLASH¼ fast low angle shot) with
a selective water excitation (RF (radio frequency) amplitude
ratios 1-2-1; TR (repetition time)¼ 17.2 ms, TE (echo time)¼
6.6 ms; FA (ﬂip angle)¼ 20) was used. The acquisition
time for one sagittal dataset was 9 min 41 s, with a spatial
resolution of 1.5 0.31 0.31 mm3 (ﬁeld of view¼
160 mm; matrix¼ 5122). This sequence has been previ-
ously shown to provide accurate measurement of VC and
thickness in comparison with conventional fat-suppressed
gradient-echo images15, CT arthrography and A-mode ul-
trasound43 and water displacement of surgically removed
tissue in patients with total knee replacement12.
Segmentation of the patellar (P), medial tibial (MT), lateral
tibial (LT), and femoral (F) cartilage was performed interac-
tively on a section by section basis with a B-spline Snake
(deformable contour) algorithm15,22,28,44 by one technician
with thorough previous experience in cartilage segmentation
and by three medical students. The students were all trained
by the same technician and the technician was available for
questions throughout the segmentation process. Segmenta-
tion was about 1 h each for the medial tibia, lateral tibia
and patella, and about 3 h for the femur. The intraobserver
(scanerescan)12,15 and interobserver reproducibility16,44
for segmentation under these conditions has been previ-
ously reported15,16. The femoral region of interest was
divided interactively into the trochlea (TrF) and into themedial (MF) and lateral (LF) femoral condyles by projecting
the intercondylar notch from a central slice laterally. The VC,
the mean and maximal cartilage thickness (ThC.Me and
ThC.Max), the AC and the area of subchondral bone (cAB)
were computed by previously described methodology41,45.
None of the subjects displayed denuded subchondral bone
area (dAB) and therefore cAB was always identical to the
tAB. Quantitative data for the entire knee joint (K) were de-
rived by adding up the volumes and surfaces of the individ-
ual cartilage plates. ThC.Me for K was derived by adding up
the mean values of all cartilage plates, and by weighting
them in proportion to the total knee AC15,26. The nomencla-
ture used to identify the various regions of interest in the
knee and the different parameters of cartilage morphology
was based on previously published suggestions46.STATISTICAL ANALYSISData analysis was carried out in Mathematica (Wolfram
Research, Champaign, IL, USA) using the statistical mod-
ules to compute conﬁdence intervals and to perform multi-
linear regression. Standard deviations, correlation
coefﬁcients and probability (P values) for the regressions
were presented.ResultstAB: CORRELATION WITH VCAlthough it is obvious that the tAB is related to the VC, the
exact nature of the relationship needs to be developed em-
pirically. When tAB is zero, VC must also be zero. This puts
a logical restriction on the relationship and requires that the
Y intercept is zero. Therefore, the variables were ﬁt to the
equation:
log½VC ¼ log½aþb log½tAB ð1Þ
where a and b are constants. b was found to be 1.56. Sta-
tistically, 1.5 or 3/2 is well within the 95% conﬁdence limits
(1.40< b< 1.67) and provides an allometrically reasonable
result: tAB, an area, is two-dimensional, whereas VC, a vol-
ume, is three-dimensional. Thus rewriting Eq. (1) to remove
the logarithms, the relationship between tAB and VC is:
VC¼ atAB1:5 ð2Þ
where a, a constant determined for each cartilage plate, is
multiplied by tAB raised to the exponent 1.5. Figure 1 shows
Table II
Normalization of the VC by the tAB1.5 and by tAB alone. Comparison
with the coefficients of variation (CV)
Cartilage plate C.V.* C.V. Boundsy
VC/tAB VC/tAB1.5 % (tAB> tAB1.5)
MT 14.1 11.7 21
LT 14.1 12.8 10
MF 15.2 13.8 10
LF 16.3 12.8 27
P 14.3 13.9 3
TrF 17.3 15.0 15
K 13.0 9.5 37
*CV¼ coefﬁcient of variation in % for each of the methods of
standardization, i.e., VC divided by the normalizing variable, tAB
or tAB1.5. yBounds. The percentage by which the critical point for
declaring cartilage loss with 97.5% probability is greater after
normalization with tAB than after normalization with tAB1.5.
36 I. G. Otterness et al.: Relationships of tAB and VC with body dimensionsknee cartilage VC vs tAB for all 97 individuals along with
a line ﬁt to Eq. (2). The relationship holds not only for the
total knee (K), but also for all six knee cartilage plates
(MT, LT, MF, LF, TrF, P) separately. Table I gives the
values for a, r2 (the correlation coefﬁcient) and the P value
for the regression for each cartilage plate. This relationship
eliminates all dependencies on sex, height, weight or BMI.
AC is highly correlated with cAB, the subchondral area of
bone covered with cartilage. Because the current sample
consisted of healthy subject without cartilage lesions and
denuded areas of subchondral bone (dAB¼ 0), cAB was
in all cases equal to tAB, and hence AC was also highly cor-
related with tAB, i.e., AC¼ 1.11 tAB (r2¼ 0.99) for the en-
tire knee. Therefore, like tAB in Eq. (2) AC1.5 is also linearly
related to VC. Table I gives the constant relating AC1.5 to
VC to for each of the plates as well as r2 and the P value.
As can be seen comparing r2 for each of the plates and
for the knee, AC gives a slightly better correlation with VC
than tAB. For example, r2¼ 0.90 with AC for the knee vs
r2¼ 0.86 with tAB. Note, however, that in OA patients, in
whom there are denuded areas of subchondral bone
(dAB> 0), AC and cAB will depend on disease status,
whereas tAB will be identical or at least very close to the
premorbid status of the knee39,46. Therefore, tAB (and not
AC or cAB) is of interest for scaling VC in cross sectional
studies on cartilage change.
The use of tAB1.5 for standardizing VC was examined
both for individual cartilage plates and for the total knee
(Table II). The ratio of VC/tAB1.5 was essentially constant
and the variation about the mean was Gaussian (data not
shown). A coefﬁcient of variation of 11.7e15.0% was found
for each of the individual cartilage plates and 9.5% for the
knee (K). This compared favorably to the coefﬁcients of var-
iation obtained for VC standardized to tAB. Thus for VC/tAB
the coefﬁcient of variation ranged from 14.1% to 17.3% for
single plates and was 13.0% for the knee.RELATIONSHIP OF tAB AND VC WITH BODY HEIGHT
AND WEIGHTWe further examined whether anthropometric variables,
such as sex, height and weight might be an allometric pa-
rameter that could be used to estimate the knee cartilage
characteristics. The rationale for this was that analysis of
tAB requires cartilage analysis with dedicated software.
Furthermore, in OA patients a particular approach is re-
quired, in which the tAB is segmented also in areas that
are denuded of cartilage (dAB), but osteophyte area needs
to be excluded39,46. Because height and weight can be
readily measured during routine clinical examination, theseTable I
Correlation of the VC with the total area of the bone over laid with
cartilage (tAB) and with the AC
Cartilage plate VC¼ a tAB1.5 VC¼ a AC1.5
a r2 a r2
MT 0.062 0.83 0.057 0.84
LT 0.075 0.79 0.066 0.80
MF 0.050 0.74 0.042 0.83
LF 0.056 0.79 0.046 0.86
P 0.088 0.71 0.075 0.74
TrF 0.054 0.70 0.046 0.78
K 0.026 0.86 0.022 0.90
For all six cartilage plates and the knee, the correlation has
P< 0.00001.may provide an interesting alternative to estimate premorbid
VC. After preliminary exploration, weight and BMI were not
pursued further; they can vary over a very wide range in
a non-developmentally determined manner and may
change in the course of disease. Height, by contrast, is
more stable after growth has ceased and is not known to
be affected by early stages of joint degeneration. Based
on dimensional analysis, we therefore studied the ﬁt of
the following equation:
tAB¼ aheight2 ð3Þ
where a is a constant determined by least squares regres-
sion. This model gave a good correlation of height and tAB
with men and women treated together [r2¼ 0.67, Fig 2(A)].
However, there was a major improvement when women
and men were treated separately in a multilinear regression,
i.e., parallel lines but with the intercept allowed to vary
[r2¼ 0.76, Fig 2(B)]. The relationship for males and females
taken separately was dramatically different. When a linear
regression for the total knee was carried out on females
only, a very good ﬁt was found [r2¼ 0.60, P< 0.001, Fig
2(C)], with each of the cartilage plates except TrF showing
a good regression (Table III). This was not the case for
males, where a relatively poor ﬁt was observed for the
knee [r2¼ 0.10, Fig 2(D)]. Examining the cartilage plates
for males separately, for four plates, LT, MF, LF and P,
there was a modest regression (r2 ranged from 0.13 to
0.26). For two plates, MT and TrF, there was no useful re-
gression. In contrast to females, the regression with height
was marginal for males.
To determine if the lack of a signiﬁcant regression for
males arose because of an inappropriate model, a constant
term was added to the equation (or a standard linear least
squares was applied to the data), but r2 was not improved.
If a standard linear regression was applied to tAB and
height in females or males, r2 was not improved. This af-
ﬁrmed the poor relationship of height to tAB in males and
suggests that this ﬁnding is not dependent on the particular
choice of the model. Further, there were no strong outliers
that destroyed the ﬁt, and removal of obese or underweight
individual also failed to improve the regression.
The relationship of VC to height is dimensionally cubic:
VC¼ aheight3 ð4Þ
where again a is a constant determined by least squares re-
gression. This model gives a reasonable correlation of
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Fig. 2. The relationship of the tAB with height squared. (A) The least squares ﬁt tAB¼ a height2 applied to females and males together
(a¼ 0.0028, r2¼ 0.67, P< 0.0001). (B) The least squares ﬁt b sexþ a height2 where sex¼ 0 or 1 for females or males, respectively
(a¼ 0.0028, b¼ 9.54, r2¼ 0.76, P< 0.0001). (C) The least square ﬁt for tAB¼ a height2 with females only (a¼ 0.0028, r2 ¼ 0.60,
P< 0.0001). (D) The least squares ﬁt for tAB¼ a height2 with males only (a¼ 0.0037, r2¼ 0.16, P< 0.01). ( ) Females, (C) Males.
37Osteoarthritis and Cartilage Vol. 16, No. 1height and VC with men and women treated together
[r2¼ 0.54, Fig 3(A)], again with improvement when women
and men were treated separately [r2¼ 0.65, Fig 3(B)]. The
improvement, however, is largely due to the improved ﬁt
of the cubic regression model for women’s VC [r2¼ 0.38
for women alone, Fig 3(C)]. For the men, the sum of
squares for the cubic regression model was only marginally
better than the sum of squares for their mean and r2¼ 0.09.
The scatter can be seen in [Fig. 3(D)]. Thus the male con-
tribution to improvement of r2 when sex was taken into ac-
count arose only because their mean was signiﬁcantly
different from that of women. This difference in height de-
pendency between men and women can be seen for all
the cartilage plates (Table IV). Again, the poor ﬁt could
not be attributed to outliers or obese or underweight
individuals.Table I
tAB fit to height
Cartilage platey Males
tAB SD a103 r2
MT 12.9 1.9 0.389 0 ns
LT 12.8 1.7 0.387 0.23 0.
MF 21.2 3.1 0.640 0.14 <0
LF 18.9 2.3 0.571 0.27 <0
P 13.7 1.6 0.414 0.22 0.
TrF 22.8 2.6 0.688 0 ns
K 102 9.2 3.07 0.16 <0
SD¼ standard deviation, r2¼ correlation coefﬁcient, P¼ probability. *t
for cartilage plates as in text.Discussion
We undertook this investigation to characterize cartilage
in young individuals without joint pain, injury or disease,
so that they might serve as a reference against which to
judge cartilage changes with age, loading, injury and dis-
ease in cross sectional studies. The participants were at
least 20 years of age, so growth would be ended, but not
yet old enough that joint disease was very likely. In addition
they were free of any history of joint trauma or pain.
Two anatomical variables, height and sex, were com-
pared with our MRI data. In previous papers20,22, we re-
ported a linear relationship of VC to tAB that was
independent of sex, height, weight, and age. Here we report
that the VC is directly related to tAB1.5, that is the area of the
bone cartilage interface to the 3/2 or 1.5 power. ThisII
squared*
Females
P tAB SD a 103 r2 P
9.9 1.4 0.349 0.43 <0.001
001 9.9 1.4 0.351 0.32 <0.001
.01 17.0 2.5 0.602 0.27 <0.001
.001 14.3 1.7 0.504 0.46 <0.001
001 10.8 1.3 0.381 0.39 <0.001
17.8 2.3 0.627 0.06 ns
.01 79.2 7.4 2.80 0.60 <0.001
AB¼ a h2, where a is a constant and h¼ height. yAbbreviations
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Fig. 3. The relation of the VC for the total knee (K) with height cubed. (A) The least squares ﬁt VC¼ a height3 applied to females and males
together (a¼ 4.17 106, r2¼ 0.54, P< 0.0001). (B) The least squares ﬁt VC¼ b sexþ a height3 where sex¼ 0 or 1 for females or
males, respectively (a¼ 3.69 106, b¼ 4.38, r2¼ 0.65, P< 0.0001). (C) The least square ﬁt for VC¼ a height3 with females only
(a ¼ 3.70  106, r2 ¼ 0.38, P < 0.0001). (D) The least squares ﬁt for VC ¼ a  height3 with males only (a ¼ 4.40  106, r2 ¼ 0.09,
P¼ 0.03). ( ) Females, (C) Males.
38 I. G. Otterness et al.: Relationships of tAB and VC with body dimensionsrelationship ﬁts the data better (a lower variance for the ﬁt)
and, importantly, that this relationship is physiologically
more meaningful: First, it is dimensionally rational. tAB is
an area (dimension squared) and VC is a volume (dimen-
sion cubed) and tAB is raised to the 3/2 power. Second, it
shows that as tAB goes to zero, so does VC. Finally this re-
lationship subsumes all the particulars of sex, height, and
weight differences between individuals, i.e., there is no re-
sidual correlation with any of these parameters once tAB
is entered into the regression. This does not mean that
there are no sex, height or weight differences, but rather
that tAB1.5 accurately predicts the volume independent of
these other variables.
Although we examined the relationships between tAB,
VC, AC, we failed to ﬁnd a simple relationship of Th.Me
with tAB or VC. That relationship is more complex as it is
confounded by joint curvature and other factors and so
was not pursued here.Table I
VC fit to heigh
Cartilage plate Males
VC SD a 106 r2
MT 2.9 0.64 0.482 0 ns
LT 3.4 0.79 0.577 0.15 <0
MF 5.0 1.116 0.830 0.08 0.0
LF 4.6 0.98 0.774 0.19 0.0
P 4.4 0.90 0.727 0.08 0.0
TrF 6.1 1.02 1.01 0 ns
K 26.7 4.6 4.40 0.09 0.0
VC¼ a h3 where a is a constant and h¼ height. SD¼ standard deviaBurgkart et al.39 found that standardization of VC by divi-
sion by tAB provided a better discrimination between OA
and non-OA subjects than normalization by height or weight.
Our results indicate that an even better standardization
would be VC/tAB1.5. Burgkart et al.39 explored variation of
VC in four cases: unnormalized and normalized by body
height, by body weight and by tAB. The variation of VC
T scores for women (coefﬁcients of variation of 15%, 16%,
14%, and 12%, respectively) was modestly less when nor-
malized to tAB. In men, the normalization to tAB seemed
very helpful (coefﬁcients of variation of 22%, 23%, 21%
and 12%, respectively)39. With our current approach, nor-
malization using tAB1.5, with men and women together, the
intersubject variability was reduced from 13.0% to 9.5%,
and this corresponds into a 37% narrowing of the critical
point for detection of signiﬁcant cartilage loss in the knee.
The equation a tAB1.5 gives a ﬁt equivalent to
cþ b tAB as judged by r squared22 and better thanV
t cubed
Females
P VC SD a 106 r2 P
1.93 0.36 0.404 0.31 <0.001
.01 2.37 0.40 0.496 0.40 <0.001
4 3.42 0.58 0.713 0.24 0.001
01 2.87 0.45 0.601 0.42 <0.001
4 3.32 0.68 0.695 0.33 <0.001
3.82 0.75 0.796 0.03 ns
3 17.7 2.66 3.706 0.38 <0.001
tion, r2¼ correlation coefﬁcient, P¼ probability the ﬁt is by chance.
39Osteoarthritis and Cartilage Vol. 16, No. 1b tAB alone. Whereas normalization can be done simply
with tAB1.5, normalization with tAB would require knowledge
of both constants c and b to match the narrower critical
bounds of tAB1.5. Without knowledge of these constants,
normalization by tAB1.5 alone will always have narrower crit-
ical bounds than normalization to tAB only.
It cannot be excluded that tAB could be modiﬁed with
older age or disease, if there is sufﬁcient remodeling of
the subchondral bone. There is currently no evidence that
loading or menopause causes remodeling that would
change tAB, but sensitive time studies have not been
done. In addition, tAB does not include osteophytes
area46. Since osteophytes arise at the osteochondral junc-
tion, an experienced user can generally exclude these ac-
curately from tAB segmentations, but more automated
algorithms may have trouble achieving this goal.
Ding et al.18 took an alternative approach by normalizing
patellar VC to patellar bone volume and presented evidence
of loss of patella VC in women with aging from cross sec-
tional data. However, the use of bone volume is practical
only for the patella, but is impossible for the tibia or femur.
We suggest that normalization to tAB1.5 is simpler; tAB
can be obtained during the process of segmenting and cal-
culating VC, and with this approach each cartilage plate can
be used as its own control.
The correlation of VC and tAB with height gave interesting
and surprising results. For females, there was a very good
correlation of tAB with height squared and a reasonable cor-
relation of VC with height cubed. Males failed to show such
a regular relationship; there was substantially more scatter
about a generally higher mean area and mean volume.
These ﬁndings indicate that the development of the female
cartilage plates follow a typical scaling algorithm. They also
suggest that whatever the developmental ‘‘maleness’’ factor,
it is quite variable in its applicationdthus leading to a large
variation among men in the incremental values for area
and volume. This inconsistency of effect leaves only women
showing close scaling of height to area and volume. The
mechanism of bone and cartilage growth behind this ﬁnding
should be explored in studies of cartilage development.
In conclusion, the absence of a tight relationship of VC and
tAB with height in men suggests that the factors stimulating
bone and cartilage growth are different between sexes.
The high correlation between tAB and VC across both sexes
suggests, however, that (opposite to measures available on
routine clinical examination) tAB1.5 can provide individual
reference values of VC against which changes with age
and disease can be estimated with high conﬁdence. Our
analysis suggests that VC standardized by tAB1.5 provides
a better discrimination of subjects with cartilage loss from
healthy individuals than standardization by tAB alone in
cross sectional studies.References
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